Introdugéao aos
Sistemas de Computacgdao (5)
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Estrutura do tema ISC

5. Evolucao da tecnologia e da eficiéncia
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Analise de componentes
num computador

Componentes (fisicos) a analisar:

tipos/formatos de instrucdes, acesso a operandos, CISC/RISC...
» CISC versus RISC
» melhoria de eficiéncia no processador: com paralelismo
» melhoramentos fora do processador (ou core)
» evolugao da arquitetura x-86 da Intel

— a hierarquia de memoria:
cache, memoria virtual, ...
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CISC versus RISC
A “revolucao” dos Reduced Instruction Set Computers

Caracterizagao das arquiteturas RISC

— conjunto reduzido e simples de instrucdes

— formatos simples de instrucdes

— uma operacao elementar por ciclo maquina

— operandos sempre em registos

— modos simples de enderecamento a memoria

Exemplos de arquiteturas RISC: |
em todos os smartphones!
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Eficiéncia nos Sistemas de Computacgao:
oportunidades para melhorar
Oportunidades para melhorar o desempenho / eficiéncia

— com introducao de paralelismo

* na execucao de instrucdes em binario (Instruction Level Parallelism)
— paralelismo desfasado ou execucao encadeada (pipeline)
— paralelismo nos dados (processamento vetorial, MMX/SSE/AVX...)
— paralelismo nas operacgoes (VLIW, super-escalar)
— com execucao de instrugdes fora de ordem (out-of-order execution)
* NO acesso a memoria
— paralelismo desfasado (interleaving)
— paralelismo "real" (maior largura do bus)
* ao nivel da aplicagao (sistemas concorrentes/paralelos/distribuidos)

— com fios de execucao (multithreading => multicore/multichip c/ mem partilhada)
— COm processos (com memoria distribuida)

— com hierarquia de memaria (para diminuir laténcia)
* cache ...
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Paralelismo no processador:

exemplo
Exemplo de pipeline
S S2 S3 S4 S5
Instruction Instruction Operand Instruction Write
fetch »1 decode > fetch »| execution > back
unit unit unit unit unit
(a)
st: \[1]|[2]|[=]|[4]| (=] |Ce] (=] |[e]|[=]
s2: (6]
s3: [6]
s4: OEEEEE
851 3]|[4]|[5]
1 2 3 4 5 6 7 8 9
Time ——
(b)
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Hierarquia de memoria (1)

(o)
ININ

Temporary
|— Storage
Areas

CPU
Registers
Direct —
Componentes Access.to CPU)
menores,
mais rapidos,
maior custo/byte
Main Memory RAM
Physical RAM Virtual Memory
Indirect Access to CPU _
Componentes "
. Secondary Starage Device Type
maiores, %
. Operating System Network/
mais |entOS, Removable Internet

Assisted Memory

Management Drives

Storage

menor custo/byte

Input Sources

Scanners/
Camera/
Mic/
Video

Remote
Source

Removable
Media

Keyboard

AJProenga, Sistemas de Computagdo, UMinho, 2017/18

Permanent
Storage
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Other
Source



Hierarquia de memoria (2)
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More Costly

Access
Times

ins —» 2ns

3ns »10ns

25ns —» 50ns

30ns —» 90ns

5ms —» 20ms

100ms —» 5s *

10s—>»3m *

Less Costly

* If volume is mounted.
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Evolucao dos processadores da Intel
até a familia Intel x86

4004: 1° processador
num unico chip

8008 e 8080: 1°¢ microprocessadores
de 8 bits

8088 e 8086:
1°% microprocessadores
de 16 bits

(selecionados para o IBM PC)
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Evolugao do Intel x86 : pré-Pentium
(visao do programador)

Nome Data N° transistores
8086 1978 29K

— processador 16-bits (registos + ALU); base do IBM PC & DOS

— espacgo de enderegcamento limitado a TMiB (DOS apenas vé 640Ki)
80286 1982 134K

— enderego 24-bits e protected-mode; base do IBM PC-AT & Windows
386 1985 275K - primeiro 1A-32 !!

— estendido para 32-bits: registos + op. inteiros + enderegcamento
— memoria segmentada+paginada, capaz de correr Unix

486 1989 1.9M

— integragdo num unico chip: 386, co-proc 387, até 16KiB cache L1
— poucas alteragbes na arquitetura interna do processador
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Evolucao do IA-32: familia Pentium
(visao do programador)

Pentium 1993 3.1M ( = P5 , aka i586)
— arquitectura superescalar, com 2 pipelines de inteiros (de 5 niveis)
PentiumPro 1995 5.5M ( = P6 , aka i686)

— out-of-order execution, 14 niveis pipeline, 3-issue superscalar
— enderego 36-bits, cache L2 on-package

Pentium/MMX 1997 4 5M
— SIMD: opera com vetores de 64-bits, tipo int de 1, 2, ou 4 bytes

Pentium I 1997 7.5M (= Pro + MMX )
Pentium Il 1999 8.2M ( +Celeron, +Xeon)

— “Streaming SIMD Ext”, SSE: vetores 128-bits, int/fp 1/2/4 bytes
Pentium 4 2000 42M ( = NetBurst, aka i786)

— trace cache, pipeline muito longo (20 ou 31), suporta multi-threading
— SSEZ2: mais instrugbes e com dados fp de 8-bytes

Pentium M 2003 7T™M (=P-M)

— arquitetura mais proxima do Pentium Il (eficiéncia energética)
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Evolugao do IA-32 para Intel 64
(visao do programador)

* |A-32 ou x86 open architecture cresce para 64-bits
— HP e Intel propbem arquitetura incompativel ¢/ IA-32: 1A-64 (Itanium PU)
— AMD anuncia em 1999 extenséo do x86: x86-64
— Intel segue AMD: |A-32¢e (Fev-04), EM64T (Mar-04), ou Intel 64 (2006)
— AMDG64 e Intel 64 diferentes, mas compiladores usam sub-set comum

= Accessible as 8, 16, 32, 64 bits

IA32 General Registers x86-64 Integer Registers
( “%hax
) [tzax EX
E= EE
Gene ra\purpo‘se \,y‘ e
: = [5210
. [sax [sr1
p - = [s212
J ‘ Shosp ‘ %usp H Stack pointer
| ] e [P [513
Register aliasing / sub-registers | %rsp | %rld
ah @bits) ‘ al @
1101111010101101]1011111011101111| = Twice the numberofregisters
1
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Intel 64 # IA-64 (Itanium):
nos registos
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x86-64 Integer Registers

$rax Seax %r8 $r8d

%$rbx bebx. %r9 %r9d

$rex becx %rl0 $r10d
%$rdx Bedx $rll srild

[ ! pri5

1r31|
1r32

31

b1z [ | |A-64 Register Set
$rdi Sedi %rl3 %r13d
% B srld sridd
rsp o5p. e = Genaral regsters Floating-point regsters Predicates Branch regsters
$rbp ‘ %ebp $rl5 [ %r15d 63 0 NaTs 81 0 63 0
: _ . 0 0 fr0 +0.0 pro brO
® Twice the number of registers " fr1 +1.0 pr1| | bri
= Accessible as 8, 16, 32, 64 bits 2 2 -l .
§ - = oy | R '
I § ool | —
' -
pr1GE
v\ @2 B ‘ &

z
2 yvest]

.
SR ersnim
rolating
.

slacked/rotating

1
] S— 7

|

27
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Instruction pointer

Current frame marker



Extensées de processamento vetorial no Intel 64

63 32 31 0 79 0

x87 (FP)
83 3231 0
Program Counter

[ Oniginal x84TAT2
P 2dded by x5-64

GFR

127 0

Advanced Vector Extensions, AVX 1.0

- W = W
- @ @
TITTTTTTTT
AT
EEEE
.
)

SSE/SSE2

8x floats

4x doubles

16x bytes

3x 16-bit shorts
4x 32-bit integers
2x 64-bit integers

x 128-bit integer

SSE/AVX 128

Floating Point (FP)

AVX-256 24 W Sx o W/FMAS
———— B B ) e coweswrvas
o — e | T oo
= e A IIAATIATATTTTTTD o romunon
zmm ymm xmm | YMML !:| B 30 @ 3 @ W @ 3 32bitintegers
E 3 B B ) 4 64-bitintegers
Register mapping in AVX |_ YMNIL5 E | S 2 128-bit integers
- o AVX 2.0
AJProenga, Sistemas de Computagdo, UMinho, 2017/18 Next: AVX-512 13

Arquiteturas Intel 64 com maior integracao
(visao do programador)
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« arquitetura Core surge em 2006 (7151M transistores)
— desenvolvida pela mesma equipa que o P-M (Israel)
14 niveis de pipeline (como P6), mas 4-issue superscalar

2 niveis de cache on-chip

multi-core on-chip e virtualizagéo por h/w

suporta fusgo de instrugbées RISC (u-ops na terminologia Intel)
arquitetura Core 2 ¢é integralmente 64-bit (Intel 64)

 arquitetura Nehalem anunciada em 2008 (731M transistores)
inspirada no NetBurst (com multi-threading e maiores clock rates)

2 a 8 cores por chip, com cache L3 on-chip
com conexé&o ponto-a-ponto inter-CPU_chips

integra controlador de memadria numa arquitetura NUMA
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Arquiteturas Intel 64 com maior integragdo
(visao do programador)
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« arquitetura Sandy Bridge anunciada em 2010 (>1,000M transistores)
— ensaio de arquitetura hibrida multicore, integrando o processador grafico
— interface com o processador grafico através da cache L3
— processamento vetorial de fp estendido para 256-bits (AVX)
— integragdo no chip do interface PCle 16x
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Intel Hex-Core Nehalem (1.17 mil milhdes de transistores)

Megory Controller, 5 Geracgoes de Pentium “de ontem”

' yDDQ, V-Uncore

Cache
V-UncoreG

Last Level :
i Sandy Bridge
L V“CaglseMSthe” CP(VJC 9

ore

Intel Xeon® . _ Intel Xeon®
E5-2600 ) E5-2600

Core 2 Core 1 v Core 1 Core 2
Core 4 Core 3 i Core3 Core 4
Core 6 Core 5 Core 5 Core 6

Core 8 Core7

“Channelf 615 1 e BEEE Channel
DR3 /0 j2:552 DDR3 I/0

AJProenga, Sistemas de Computagdo, UMinho, 2017/18 16



Arquiteturas Intel 64 com maior integragdo
(visao do programador)
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« arquitetura Sandy Bridge anunciada em 2010 (>1,000M transistores)
— ensaio de arquitetura hibrida multicore, integrando o processador grafico
— interface com o processador grafico através da cache L3
— processamento vetorial de fp estendido para 256-bits (AVX)
— integragdo no chip do interface PCle 16x

 arquitetura Haswell anunciada em 2013 (>5,500M transistores)

— nivel adicional de cache para u-ops (formato RISC)

— processamento vetorial integral com 256-bits (AVX2)

— 2 unidades vetoriais para operagdes com inteiros

— até 22 cores e 55MB de cache L3 (Xeon)

— Iintrodugéo de cache L4 de 128MB , eDRAM (off-chip, on-package
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Langcamento da Intel em 2013:
8 configuragées para i5 & i7 Haswell
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Haswell Family Die Layout

4+3

eDRAM
1Gbits
(128MB)

syver, S
Agent (SA)

;

“acpu’

: : ! [2650] !
=ol (E=
|13xmm2|

|Die177 mmzl I 14x mm2 | | Die 19x mm2 | IDie181 mm2l |130 mm2|
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Lancamento da Intel em 2016:
18-core Xeon Haswell

Haswell-E Family(EP/EX) 18 Cores Die Layout

Haswell-E Family 18Cores

]
e R
T
[HEEE |

Ring Channel?

Home Agent Home Agent

i ]
Memory Controller {Memory Controller

18 Haswell CPU cores 4-Channel DDR4 DRAM IF
45 LL Cache 8 DDR4 Channels /w Memory Buffer?)
22nm Bulk FinFET Process 0 lanes QPI
662 mm2 3 links)
5.69B Transistors 0 lanes PCI Express 3.0
-145W 4 lanes DMI
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Copyright (¢) 2014 Hiroshige Goto All rights reserved.

Intel 18-core
Xeon Haswell
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Arquiteturas Intel 64 com maior integragdo
(visao do programador)
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« arquitetura Sandy Bridge anunciada em 2010 (>1,000M transistores)
— ensaio de arquitetura hibrida multicore, integrando o processador grafico
— interface com o processador grafico através da cache L3
— processamento vetorial de fp estendido para 256-bits (AVX)
— integragdo no chip do interface PCle 16x

 arquitetura Haswell anunciada em 2013 (>5,500M transistores)
— nivel adicional de cache para u-ops (formato RISC)
— processamento vetorial integral com 256-bits (AVX2)
— 2 unidades vetoriais para operagbes com inteiros
— até 22 cores e 55MB de cache L3 (Xeon)
— introdugdo de cache L4 de 128MB , eDRAM (off-chip, on-package

« arquitetura Skylake anunciada em 2015 (>8,000M transistores)

— mais 1 unidade vetorial para operagdées com inteiros (total: 3)
— AVX-512 para topo de gama Xeon (inexistente no 1° trimestre 2017)
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: : Intel 4-core
e 5] Xeon Skylake

' : GPU integrado
ey g com 24 EU’s

Chip layout
anotado

TUQ3Y WISAS
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Feature
Atom (ULV)
size
Pentium Pro (133
600 nm
MHz)
500 nm Pentium Pro (150
MHz)
Pentium Pro
350 nm (166—200 MHz)
Klamath
Deschutes
250 nm P6
Katmai
180 nm Coppermine
Tualatin
130 nm
Banias
90 nm Dothan
Yonah
65 nm
Merom
Core
Penryn
Bonnell 45 nm
Nehalem
Bonnell Nehalem
Westmere
Saltwell 32 nm
Sandy Sandy Bridge
Bridge Ivy Bridge
Silvermont 22 nm
Silvermont Haswell
Haswell
Airmont Broadwell
Skylake
Goldmont 14 nm
Goldmont Kaby Lake
Skylake
Goldmont Plus Coffee Lake
Cannon Lake
10 nm Ice Lake
Ice Lake
Tiger Lake
Ice Lake or
7 nmor
new Sapphire Rapids
10 nm++ ~
architecture

(o)
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24 Tiles
5| - 24 Routers ©
< 48 A cores *
3 B0 o B

i

MEMORY CONTROLLER
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Intel CPU core roadmaps:
from NetBurst and P6 to Sapphire Rapids

NetBurst

Willamette
Northwood
NetBurst(HT) NetBurst(x2)
Prescott —= Prescott-2M — Smithfield

Tejas —

— Cedarmill (Tejas)

Nehalem (NetBurst) Cedar Mill - Presler

(x86-64)

* ltalic names indicate canceled processors
» Bold names are the microarchitecture names
* Bold italic names are future processors
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Protétipos da Intel em 2010/11:
Single-chip Cloud Computer

Inside the SCC

Dual-core SCDC Tile

» 2D mesh network with 256
GB/s bisection bandwidth

+ 4 |ntegrated DDR3 memory
controllers (64GB addressable)
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Chips da Intel em 2012/13:
Xeon Phi com 60 cores
(apenas como co-processador)

PCle 170
PCle I/0

Logic

Knights Corner
KNC
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Chips da Intel em 2016:
Xeon Phi até 72 cores
(como processador ou co-processador)

KNL

Xeon pPhi= Processe,
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Chips da Intel em 2016:
Xeon Phi até 72 cores
(como processador ou co-processador)

2x16 X4
i Chip: 36 Tiles interconnected by 2D Mesh
Tile: 2 Cores + 2 VPU/core + 1 MB L2

Gen3

| Memory: MCDRAM: 16 GB on-package; High BW
Tile

DDR4: 6 channels @ 2400 up to 384GB
10: 36 lanes PCle Gen3. 4 lanes of DMI for chipset
Node: 1-Socket only
Fabric: Omni-Path on-package (not shown)

36 Tiles
connected by
2D Mesh
Interconnect

Vector Peak Perf: 3+TF DP and 6+TF SP Flops
Scalar Perf: ~3x over Knights Corner
Streams Triad (GB/s): MCDRAM : 400+; DDR: 90+

VWrFrmZZPIN APO0O0 W
VWrFrMmZZP>IO ABOO W

Souce Inint Al produck, oo
hange wiod

e MCDRAM Rt ke Y G
ckage rumbers s besed on STREA
— esimated besed on mleval

Omni-path not shown
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Exemplo de chip com processadores RISC:
2x ARM’s no A6 do iPhone 5

Dual ARM Cores

*“chipworks
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Exemplo de chip com processadores RISC:
dos 2x ARM cores no A9 para 6x cores no A10 do iPhone seguinte
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Exemplo de chip com processadores RISC:
4+1 ARM’s no Tegra 4i da NVidia

Tegra 4i

Highest Performing Single-Chip Smartphone Processor

Tegra 4

“R4” ’ . ' 4+1 Battery Saver Core

New Quad core
ARM R4 A9
(2.3Ghz)

Tegra 4 GPU (60 Core)

Integrated re Tegra 4 Features:

i500 core : 3 Computatlonal Photography
: . Architecture

' 3 Image Signal Processor

Video Engine

Optimized Memory Interface




Exemplo de chip com processadores RISC:
evolucao da familia Tegra da NVidia
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Exemplo de chip com processadores RISC:
4+4 ARM’s no Exynos 5 Octa, Galaxy S4

Performance and Energy-Efficiency

Cortex-A7

= Simple, In-order, 8 stage pipeline
= Performance better than today’s
mainstream, high-volume smartphones

LITTLE

big

= Complex, out-of-order, multi-issue pipeline

= Up to 5x the performance of today's
mainstream, high-volume smartphones
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Exemplo de chip com processadores RISC 64-bits:
4+4 ARM’s no Snapdragon 845, Galaxy S9

Snapdragon 845

Smartphones

ot
\)3\C°§‘\39°
Soe®

Galaxy S9 B>

\“‘\ | Rere |

Snapdragon 845 Mobile Platform [EISWELTS

Addition of a Level 3 (L3) 2MB ARMv8 (64-bits)

Qualcomm’ s Shared Cache Memory
shapdragon
LG
i n 2.8 GHz

128KB

Snapdragon

Adreno 630 5
X20 LTE modem ; ) en 2]
Visual Processing
Subsystem 128K8
o Kryo 385
Wi-Fi 2s6ke ﬂ 2.8 GHz Kryo 385 n
1.77 GHz

128K8
Kryo 385 n
177 GHz

128K8

e 2

Qualcomm

gon 685 DSP Spectra 280 ISP

Qualcomm é’ﬁ

Agstic Audio Kryo 385 CPU

256 KB ﬂ

Qualcomm

c°‘(\«\’69°° 256 KB n i
- : SN
System Memory Mobile Secunty o::roQ " 2.8GHz Qﬂwhmgﬁtﬂw
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Processadores Intel versus ARM
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Wikibon Smart Device Shipment Projections 2013-2022 (millions)
3,000

2,500

Shipments/Year (millions)

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Year
¥ Intel Smart Devices & ARM Smart Devices

Source: Wikibon 2013, 10C & Gornter 2012 shipments & Wikibon 2013-2022 profections. Assumption: Apple & Microsoft migrate to successful 64-bit ARM.
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